A centnfugation method was developed to determine water holding capacity (WHC) of lignin, cellulose, pectin, whole locust bean gum (LBGW) and insoluble locust bean gum (LBGI) and was compared with the AACC method using cellulose, lignin and LBGI. WHC was found to be highest for LBGW>pectin>LBGI>lignin>cellulose. Solubility and chemical configuration rather than particle size, were the main determinants of WHC. The AACC method tended to overestimate WHC for cellulose, LBGI and lignin.
INTRODUCTION
Consumption of dietary fibre (DF) is recommended for a range of physiological and therapeutic effects, some of which have been attributed to its ability to absorb water. Water uptake may encourage microbial growth resulting in fecal bulking and output (Cummings and Stephen, 1980; Scheeman, 1989) .
A wide range of techniques and methods have been used to determine the WHC of foods in general and DF in particular. The methods vary considerably but can be divided into two main groups: first, measurement of water expressed from food, and second, measurement of water in situ. Methods for measurements of water expressed from food include: filtration (Eastwood et al., 1976; Robertson and Eastwood, 1981b) ; centrifugation (McConnell et al., 1974; Robertson and Eastwood, 1981b) ; Eastwood et al., 1983; Ang, 1991) ; the AACC 88-04 method as used by Arrigoni et al. (1986) and Caprez et al. (1986) ; and the degree of syneresis technique (Labuza, 1972) . In this group of methods, in which water is expressed from food, the soluble portion of DF is excluded as it is discarded through filtration or decantation of the supernatant after centrifugation, or with exuded water under pressure.
The methods used for measurement of water in situ are: sorption isotherm (Labuza, 1968) ; nuclear magnetic resonance (Shanbhag, 1970) ; freezing (Moy and Chan, 1971) ; microwave energy (Roebuck and Goldblith, 1972) ; suction pressure (Lewicki et al., 1978; Robertson and Eastwood, 1981a) ; Baumann capillary apparatus (Wallington and Labuza, 1983; Fleury and Lahaye, 1991) ; dialysis tubing (McBurney et al., 1985; Bourquin et al., 1993; and gravimetry (Dural and Hines, 1993) . Some methods in this group, in which the water is measured in situ, such as the Baumann or sorption methods, are only suitable for dry or dehydrated foods with low moisture content (< 5%).
On application of different methods the values obtained for WHC of DF have been found to vary considerably (Robertson and Eastwood, 1981a; Chen et al., 1984) . Conflicting results may also be due to great differences in chemical and physical properties of the different components of DF under different conditions (Stephen and Cummings, 1979) . More importantly, none of the standard methods can be used to measure the WHC of soluble DF. An improved method would enable workers to study the WHC property of DF more effectively. Therefore, taking into consideration all the variable properties of DF, an in vitro study was undertaken to develop a method to determine the WHC of various DF components under different conditions. The method was then used to measure the WHC of several different types of DF, and was compared with the AACC method (1982) for insoluble DF.
MATERIALS

DF Preparation
Cellulose: Raw cotton was cleaned by hand to remove any fragments of residual seeds or dirt. The cotton fibre was then washed thoroughly with water until the washings were colourless, after which it was soaked in water and left overnight to remove any residual soluble material. Excess water was removed by hand pressing and the cotton was dried in a vacuum oven at 55°C. The dry cotton fibre was extracted with petroleum ether (b.p. 40°-60°) using Soxhlet apparatus to remove fats and fat-soluble materials or pigments (AOAC, 1980) . The residual solvent was removed from the cotton fibre in a vacuum oven at 55°C. The dried cotton was cut into small pieces 1.2 mm long using stainless steel scissors, then stored in sealed plastic bags.
Locust bean gum (whole and insoluble) (LBGW and LBGI): A hemicellulose product, locust bean gum (Product No. G0753, Sigma Chemical Co. St Louis), derived from Ceratonia siliqua L. (Carob) was studied. The product was specified as a galactomannan polysaccharide composed of a straight chain polymer of mannose with one galactose branch on every fourth mannose, and with a molecular weight of approximately 310,000. It was a yellow powder and the soluble fraction gave a yellow solution. As labelled, carbon constituted 39.58% of its composition, hydrogen 5.95% and nitrogen 1.08%. The whole product was used without further treatment. In addition, an insoluble fraction (LBGI) was extracted from the locust bean gum by washing it with many volumes of water to remove the soluble material. The insoluble portion remaining after decantation was dried under vacuum at 55°C for 72 hr or until dry, ground in a coffee grinder and the powder stored in a sealed glass bottle. Approximately 60% of the locust bean gum was collected as the insoluble fraction. Pectin: The pectin used was produced from citrus fruit and was a partially methoxylated polygalacturonic acid compound, had no sucrose or other sugars and had a molecular weight of 10,000-50,000. (Product No. P9135 Sigma Chemical Co. St Louis). The loss of pectin on heating at 105°C for 2hr was 5.4%. It was totally soluble in water and was used without further treatment.
Lignin: Lignin was extracted according to the method of Carroad and Wilke (1979) using sodium hydroxide for extraction followed by hydrochloric acid for precipitation. Wheat bran was used as the substrate for lignin extraction. The extract was confirmed as being lignin by nuclear magnetic resonance (NMR) (Figure 1 ). Shifts from 7.5 ppm to 6 ppm are characteristic for aromatic polymers, shifts from 4.5 ppm to 3.2 ppm are methoxy groups (CH3O), shifts from 2.5 ppm to 1.5 ppm are ethyl groups (CH2) and shifts from 1.5 ppm to 0.5 ppm are methyl groups (CH3). The precipitate was insoluble in water but slightly soluble in dioxan, acetone and sodium hydroxide. The extraction method, the NMR spectrum and the physical properties identified the precipitate as lignin. In the process of extraction heat was applied up to 85°C at pH 1.1 ensuring the extracted lignin would be free of phytic acid (Brauns and Brauns, 1960) .
METHODS
Particle size: This was measured using the scattered laser light principle by means of a Malvern 2600C Droplet and Particle Size Analyser. Particle size of DF components was determined by using sieves with various mesh sizes (Tyler Standard Screen Scales, US Series, The W.S. Company, Cleveland, Ohio).
Void space between particles: This was calculated from the DF densities (cm 3 /g) as measured by an Auto Pycnometer (Micrometrics Auto Pycnometer 1320, America).
Void space within particles: This was determined by using a Flowsorb Rapid Surface Area Analyser as cm 3 /g. The surface area of cellulose was determined by AMS Image Analyser (Optimax V, Analytical Measuring System, Cambridge, England).
Modified centrifugation method for WHC: The centrifugation device ( Figure 2 ) was assembled in the following manner: the disc (e) was pushed inside the PVC tube (c). A filter paper disc (Whatman filter paper No. 42) to filter cellulose, lignin and LBGI or ultrafiltration membrane (Type PM 10 and 30) with nominal molecular cut-off of 10,000 and 30,000, respectively, to filter pectin and LBGW, respectively, was laid on top of the disc (c) followed by an O ring to secure the disc (e) and filter paper or membrane in position to prevent liquid passing around the filter. Tube (f) was placed inside tube (c) to rest on the O ring and tube (g) was made of two parts to prevent any movement during screwing of tube (g). The assembled tubes (designated as inner tubes) were stoppered with a cork wrapped in aluminium foil to prevent evaporation or absorption of moisture after centrifugation. The inner tube was placed inside polythene tube (a) with a fitted support (b). The centrifugation column system (capacity 7 ml) was fitted into small head (No.2/c75) of a refrigerated centrifuge (Damon B-20A, Sydney). The centrifuge head accommodated eight of the centrifuge columns. WHC of raw cellulose, LBGI, LBGW, lignin and pectin was determined by the modified centrifugation method using a centrifugal force of 3000G to determine the water content after incubation with excess water for 16 hr at 37°C. The WHC was calculated according to the following equation:
(Wet sample wt -dry sample wt) -wt of water retained by disc f e) x 100 sample wt (dry) where, wet sample wt = wt of inner tube+sample after spinning-wt of inner tube empty. AACC 88-04 method (1982) for WHC: this method, based on the centrifugation of soaked samples followed by decanting, was followed exactly. The difference between the wet and the dry weights represented the WHC of the substances. The WHC of water soluble or gel-forming dietary fibres (LBGW and pectin) could not be determined by the AACC method as they do not form a compact sediment which is separable from water by decantation. The WHC values obtained by using the modified centrifugation method and the AACC method were the means of eight and four replications, respectively.
Water Content
A) Selection of centrifugation force using the modified method: ~0.2g of raw cellulose and LBGI, representing fibrous and non-fibrous DF, respectively, was incubated with excess water for 16 hr at 37°C±1°C and centrifuged at a range of forces from 1 G to app. 8000 G for 80 min. at 28°C±3°C using the modified centrifugation column ( Figure  2 ). Water content was calculated as g/lOOg material. B) The selected centrifugation force of 3000G using the modified centrifugation method was applied on the other 
Statistical Methods
Straight line, natural logarithmic, exponential and power curve statistical equations were used to determine the curve of best fit of the data for water content at different speeds of centrifugation for cellulose and LBGI. Duncan's Multiple Range Test (DMRT) was used to measure the significance of the data at 1% and 5% levels. Analysis of variance (ANOVA) was also used to detect significant interactions of the main effects namely type of fibre, temperature and heating periods.
RESULTS
Particle Size
Mean values of particle size as determined by the Malvem 2600C Droplet and Particle Size Analyser and also the fractional particle size as determined by various mesh sizes of the powder components of dietary fibre are shown in Table 1 . LBGW had the smallest particle size followed by lignin<pectin<LBGI«cellulose. Most of the LBGW (64%) passed through a 150um mesh sieve and 30% passed through 75um mesh. About 55% of the LBGI passed through lOOOum mesh while 18% and 11% passed through 600um mesh and 1500um mesh, respectively. Only pectin and lignin contained the smallest size particles of 70um (25% and 16%, respectively), while 40% and 24% of lignin and 40% and 30% of pectin passed through 250um and 150um mesh, respectively. The cellulose fibre particles were the largest, length varying between 1-2 mm. The void space between particles of cellulose at 16.78 ± 0.12m 3 /g was eight times greater than that of locust bean gum (whole and insoluble), lignin and pectin which all had similar values in the range 2.0 -2.4 cm 3 /g (Table 1) .
Pectin had the greatest void space within the particles (3.02 ± O.O8cm 3 /g) followed by lignin (0.4 ± 0.02cm 3 /g) while the values for locust bean gum (whole and insoluble) were extremely small at 0.15 ± 0.02 and 0.16 ± 0.02cm 3 /g, respectively, thus indicating the extreme compactness of the particles (Table 1) . No values were obtained for cellulose as it was a fibrous material and not in a powder form and thus did not fulfill the criterion for measurement.
WHC of Selected DF
Fibrous and non-Fibrous Dietary Fibre
The water content of raw cellulose and LBGI representing fibrous and non-fibrous dietary fibre, respectively, centrifuged under a range of centrifugal forces is given in Table 2 . This shows that the water content of raw cellulose under gravity (1G) was about 1800g/100g. Application of 20G caused a loss of about 90% of this water with the water content being reduced to about 130g/100g. A further increase in force to about 100G reduced the water to about 60g/100g. Application of higher forces continued the loss of water with a steady decrease up to 7800G the maximum force used, when the water content was about 30g/100g. The correlation coefficient obtained from statistical analysis of the data (Table 2) , to determine the curve of best fit for water content (y) of raw cellulose under a centrifugal force (x) was 0.23 for a straight line, 0.91 for a natural logarithmic curve and 0.99 for a power curve. The curve of best fit was, therefore: y = 1815.9x-°4 6 (p < 0.001).
The water content of raw LBGI under gravity (1G) was about 1340g/100g. Application of 20 G caused a loss of about 40% of this water with water content being reduced to about 870g/100g and with a further increase in force to ~100G the water content decreased to about 770g/100g. Application of higher forces continued the loss of water with a steady decrease up to 7800G, the maximum force used, where the water (Table 2) , to determine the curve of best fit for water content (y) of raw LBGI under a centrifugal force (x) was 0.61 for a straight line, 0.99 for a natural logarithmic curve, 0.67 for an exponential curve and 0.95 for a power curve. The curve of best fit was, therefore: y = 114.61 (Lnx) + 1543.13 (p < 0.001).
While the water content of cellulose under gravity was about 30% greater than of LBGI, this situation was reversed on centrifugation as LBGI held about three times more water than cellulose at all applied forces from 20G to 7800G. The decrease in water content with increasing centrifugal force showed a similar exponential-type pattern for both DF types but with a different rate of change in water content. Statistical analysis showed that the change in water content with force for cellulose was y= 1815.9X" 047 while for LBGI y= 1543.13 -114.61 (Lnx)
Soluble and Insoluble Dietary Fibre
Selection of 3000G was based on the calculated value of water held by cellulose at 33.3g/100g which was close to the experimental value of 32.5 g/lOOg obtained at 3000G. The ANOVA for the data indicated that the WHC is highly significantly (pO.OOl) affected by the fibre type. Using DMRT at 5% level of significance the water content of LBGW>pectin>LBGI>lignin>cellulose (Table 3) .
Comparison of Methods for WHC
The WHC of the insoluble DF determined by the AACC method was over 30 times higher (p<0.001) than the modified method for cellulose and slightly higher (p <0.05) for LBGI and lignin (Table 4 ).
DISCUSSION
Effect of Fibrous and non-Fibrous Structures on WHC
Since Lnx does not change as rapidly as x°A 1 («Vx) as x increases, then the decrease in the water (y) held by LGBI is less rapid than that held by cellulose. The water loss for cellulose and LBGI at the maximum centrifugal force used (7800G) was 98.4% and 64.5%, respectively, of that present in the fibre at atmospheric pressure (1G). The change in water content of cellulose and LBGI as the centrifugal force increased from 1250G to 7800G was small (from 37.5g/100g to 29.3g/100g for cellulose and from 478g/100g to 575g/100g for LBGI) ( Table 2 ). The use of 3000G gave reproducible values for water content of both fibres as shown by a low coefficient of variation of 3.1% for cellulose and 3.3% for LBGI between eight replicates. 3000G was therefore used as a standard reference force to assess WHC in all subsequent studies, a relatively low centrifugal force in contrast to the more traditional use of 14000G for insoluble DF (Findlay et al., 1974; McConnell et al., 1974) .
Particle Size and WHC
Inspection of the data in Tables 1 and 3 reveals no obvious association between particle size and WHC.
Particle Size, Void Space and WHC
Cellulose (fibrous) has a void space between particles ~ 7 times greater than that of LBGI (non-fibrous) but an essentially similar particle size. On centrifugation at 3000G the WHC of LBGI was -17 greater than that of cellulose. The void space, therefore, was not directly related to the magnitude of WHC. Comparing void space and particle size of two non-fibrous insoluble substances, lignin and LBGI, the latter had a greater particle size (~ 13 times) and a greater void space between particles (1.2 times) but a smaller void space within particles (0.4 times). The WHC of LBGI was ~ 8 times greater than lignin. Thus particle size could be an important contributor to WHC of non-fibrous DF, as suggested by Roehrig (1988) , Scheeman (1989) and Fleury and Lahaye (1991) . Large particles would also have a large void space between them where water could be trapped. However, application of any type of pressure would reduce the void space and the WHC would be drastically reduced. The greater WHC of LBGI than lignin probably arose partially from particle size differences but is considered mainly derived from chemical configuration and composition especially its greater number of hydrophilic sites than lignin. The void space between and within particles of LBGI and LBGW was similar but the particle size of LBGI was ~ 16 times greater than LBGW. The WHC of LBGW was ~ 11 times greater than LBGI and this may be because of its soluble portion (40%). On solubilisation, the hydrophilic sites on the solid would be totally surrounded with water molecules forming an interlocked mesh via hydrogen bonds (Lippincott et al., 1977) . A soluble material, therefore, would resist external forces proportional to the internal forces, ie. loss of water from LBGI would be greater than from LBGW on application of mechanical force.
Pectin had a greater (~1.7x) particle size and void space within the particles (~20x) than LBGW and is totally soluble. However, the WHC of LBGW, with only 40% solubility, was 1.66 times greater than that of pectin. This could be due to LBGW containing more hydrophilic sites and greater branching which would further increase WHC by surface tension.
Molecular, Physical, and Chemical Properties of DF and WHC
Water interacts with high molecular weight compounds such as fibres as free or bound water. Bound water forms a monolayer, which is immobile and closely attached to the molecular structure of the compounds (Dural and Hines, 1993) . The water molecules of the monolayer attract further water molecules in multi-polarised layers which are more loosely held than the bound layer but not as free as in liquid water (Morton and Hearle, 1962) . The monolayer or bound water is difficult to remove and the removal of the more loosely bound water depends on the molecular structure of the fibre and the extent of the applied physical force (Wallington and Labuza, 1983) . The interaction of water with fibre can also be by chemical reaction as water of crystallisation, by surface tension to capillary surface and by hydrogen bonding to hydrophilic groups such as hydroxyl or carboxylic groups (Morton and Hearle, 1962) . Water also interacts with low molecular weight compounds in similar ways to high molecular compounds (Labuza and Busk, 1979) . Such compounds, eg. mono-, di-, oligosaccharides or salts are usually present as contaminants in most DF preparations and would contribute to the WHC of DF. The centrifugation method used in this study would, however, be able to remove low molecular weight compounds as they filter through and will, therefore, not affect WHC.
The locust bean gum polymer is composed of D-galacto-D-mannoglycan [a linear structure chain of p-D-mannopyranosyl units with D-galactopyranosyl branching on the C-6 of the P-l(l-4) mannopyranosyl chain (Graham, 1978) ], whereas, the cellulose polymer is composed of D-glucose residues linked P-(l-»4) essentially in a linear chain (Selvendran, 1983) . The higher water content of cellulose compared to LBGI under gravity (1G) could be due to the water being trapped as free water in the void space between the cellulose fibres as well as being attached by hydrogen bonding, as free and bound water, to the greater number of peripheral hydroxyl groups of glucose per unit weight of cellulose compared to the hydroxyl groups of mannose and galactose molecules of LBGI since some of the peripheral hydroxyl groups would be lost as a result of branching. The amount of water absorption to LBGI would also be reduced because of mechanical restraint (Morton and Hearle, 1962) . The presence of a branched configuration, however, would create capillary spaces where water is absorbed by surface tension, but it would be small compared to the trapped free water of the cellulose. As the pressure increases, the indirectly attached (free) water is more easily lost as suggested by Morton and Hearle (1962) and the directly attached (bound) water would tend to remain on the fibre and this may explain why the water content of cellulose decreased faster than that of LBGI ( Table 2) .
The loss of water at different centrifugation forces can be used to distinguish between free and bound water. The loss of water from 1G to 1250G would be free or loosely bound water and from the equations given earlier for cellulose would be 1766g/100g and for LBGI would be 759g/100g. Bound water is indicated by the amount of water being held at the maximum centrifugal force used (defined as the point at which little further water loss occurred from cellulose), ie. 7800G which was 29.3g/100g for cellulose and 475g/100g for LBGI. The small water losses in water content on increasing centrifugal force from 1250G to 7800G would indicate that the moderately bound water (i.e. lost between 5000G and 7800G) was ~2g/100g for cellulose and ~20g/100g for LBGI. According to Morton and Hearle (1962) the amount of bound water attached to cellulose is one water molecule (MW = 18) by hydrogen bonds to each of three hydroxyl groups of the glucose residue in the cellulose linear chain (MW of glucose = 162). This is calculated to be 33.3g/100g which is close to the experimental value of 32.5g/100g ± 0.6g/100g obtained under high G (Table 2) . It can, therefore, be speculated that water held by surface tension in cellulose is very low, and that the sample under consideration contained small or negligible hydrophilic crystalline regions. The water held by LBGI at high G is 15 times more than held by cellulose. The main difference between cellulose and LBGI is the structure of the molecule. The backbone of LBGI is made up of mannose which has the same molecular weight and number of hydroxyl groups as glucose in cellulose. Therefore, the excess water held by LBGI at 3000G could be due to the water being held by surface tension in the capillary spaces created by the branching configuration of LBGI, in addition to the water being held by hydrogen bonding to the hydroxyl groups of the mannose which would be the same as for cellulose. Accordingly, the water being held by surface tension by LBGI would probably be ~500g/100g (i.e. the difference between the water content of LBGI and cellulose at 3000G).
Under the 3000G the water content of the five types of untreated fibre was markedly different, (Table 3 ). LBGW has a branched structure, high molecular weight (310,000) and is partially soluble in water. Pectin is totally soluble in water but is not as highly branched and has a smaller molecular weight (10,000-50,000). It seems that a high WHC is formed by polymers with a large molecular weight with highly branched chains containing hydrophilic groups that allow the occlusion of water within the structure. The low WHC of lignin would seem to be due to it being a glomerate of phenolic compounds with fewer hydrophilic groups compared to LBGW and pectin. In addition lignin has a relatively small molecular weight (8,000), is a highly compact compound and is insoluble in water (Carroad and Wilke, 1979) . The low water uptake by cellulose could be due to its linear structure thus indicating that a branched configuration, among other factors, eg. solubility, would increase the WHC of a compound.
From this study, the factors controlling the WHC of a material are complicated and apart from particle size and void space include: fibrous or non-fibrous nature, solubility, chemical configuration and structure, and the presence or absence of hydrophilic sites.
Comparison of AACC Method and Modified Centrifugation Method
A comparison of the results obtained by the AACC 88-04 (1982) method and the modified centrifugation method developed in this study which is a simultaneous centrifugation and filtration through a semipermeable membrane, showed that application of mechanical force and simultaneous separation of water caused expulsion of about 97% of water from cellulose. The low centrifugal force required to remove the bulk of the water which is associated with cellulose suggests that it was free water. The modified centrifugation method, therefore, excluded free water in quantification of WHC of cellulose, lignin and LBGI.
The modified centrifugation method was therefore considered superior for cellulose in achieving the goal of separation of the DF material and excess water, (thus avoiding overestimates of WHC); and in its ability to determine the WHC for soluble as well as insoluble DF components (unlike the AACC method).
